Universality of Decoherence in the Macroworld 
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We consider environment induced decoherence of quantum superpositions to mixtures in the limit 
in which that process is much faster than any competing one generated by the Hamiltonian H sya of 
the isolated system. This interaction dominated decoherence limit has previously not found much 
attention even though it is of importance for the emergence of classical behavior in the macroworld, 
since it will always be the relevant regime for large enough separations between the superposed 
wave packets. The usual golden-rule treatment then does not apply but we can employ a short-time 
expansion for the free motion while keeping the interaction Hi nt in full. We thus reveal decoherence 
as a universal short-time phenomenon largely independent of the character of the system as well as 
the bath and of the basis the superimposed states are taken from. Simple analytical expressions for 
the decoherence time scales are obtained in the limit in which decoherence is even faster than any 
timescale emerging from the reservoir Hamiltonian H rcs . 



I. INTRODUCTION 

Interferences from quantum superpositions of wave 
packets representing, say, the translational motion of a 
body, become more and more difficult to observe as the 
body becomes more massive and the superposed states 
are made more distinct. Eventually, when the separation 
of wave packets is increased towards macroscopic mag- 
nitudes (for which latter case we shall speak of "macro- 
scopic superpositions"), classical behavior, i.e. loss of 
the ability to interfere, emerges. Somehow, along the 
way from microscopic to macroscopic superpositions, the 
quantum capability of a particle to show up "here" and 
"there" simultaneously escapes detectability. 

Two reasons are known for the elusiveness of macro- 
scopic superpositions. One of these even has a classical 
wave analogue. To explain it, let us imagine a plane 
wave with (de Broglie or classical) wavelength A travers- 
ing a spatial structure of linear dimension d which splits 
the wave into partial ones. The parameter X/d then de- 
termines the resolvability of interference effects. For in- 
stance, in a double-slit experiment an incoming plane 
wave gives rise to an outgoing interference pattern of an- 
gular aperture X/d. The latter angle becomes exceedingly 
small when A is the de Broglie wavelength of a macro- 
scopic body. 

The second reason for the notorious absence of quan- 
tum superpositions from the macroworld, called environ- 
ment induced decoherence [Q, ^, is of dissipative ori- 
gin and is the one of concern to us here. Decoher- 
ence is, for microscopic bodies, just a facet of dissi- 
pation caused by interactions with many-freedom sur- 
roundings. However, if two sufficiently distinct wave 
packets \f2) are brought to an initial superposition 
| ) = Ci\tpi) + C2\f2), the density operator p(t) starts out 
as the projector p(0) = | ) ( | and then, for suitable cou- 
pling to the environment (see below), decoheres to the 
mixture |ci| 2 |(^i)(( / 9i| + |c 2 | 2 |^2)(<^2|, with the weights 



|cj| 2 still as in the initial superposition, on a time scale 
Tdoc while the subsequent relaxation of that mixture has 
a much longer characteristic time r^iss ■ The smallness of 
the decoherence time Td oc is manifest in its proportion- 
ality to a power of Planck's constant and inverse pro- 
portionality to a power of the "distance" d between the 
superposed packets, 



Tdec oc — with U, V > . 

or 



(1.1) 



We may interpret that power law as assigning a quantum 
scale of reference oc to the distance d such that the 
decoherence time Td cc becomes vanishingly small when 
d assumes classical magnitude. On the other hand, the 
characteristic times for temporal changes of probabilities 
or other observables capable of a well defined classical 
limit remain finite in the formal limit h — > 0. As a conse- 
quence, a given environment may have so weak an influ- 
ence that probability relaxation is hard to follow because 
of Tdis S being very large, while giving rise to unresolvably 
small life times t^ cc to coherences between sufficiently far 
apart wave packets. 

A variety of experimental studies of decoherence have 
been undertaken [|, ||, ^, [?]], all of them involv- 
ing weakly coupled environments ("reservoirs" or "heat 
baths" ) and wave packet separations of but modest mag- 
nitudes: the acceleration of decoherence over dissipation 
was not at all extreme, the time scale ratio Td cc /Tdi S s not 
even down to 10~ 2 yet. Moreover, dissipation was suffi- 
ciently weak in all these experiments for the decoherence 
time to exceed the time scales r sys characteristic of the 
free motion of the system isolated from the environment. 
In that limit, "a lot of" free motion takes place during 
decoherence, and therefore the latter process becomes 
rather system specific in its characteristics. A unified 
treatment can, however, be based on the very fact that 
the environmental influence is weak and thus allows for 
perturbative treatment by the golden rule. 
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To illustrate decoherence in the golden-rule limit r sys 



< 



r doc < r diss one often considers a harmonic oscillator of 
mass M and frequency f2 and a bath in thermal equi- 
librium. If the interaction Hamiltonian is the product 
of two coupling agents, one for the system (Q) and the 
other for the bath (B), i.e. H ul t = QB, and if two 
superposed wave packets are distinguished by the cou- 
pling agent Q in terms of the distance d = \qi — 52 1 = 



(<pi\Q\tpi) - (hqi^; 



, the golden rule is easily seen to 



yield the decoherence and dissipation times 



1 



(<7i - 92) 



2 poo 



'dec 



dt{\{B{t),B}) cosQi 
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dt(jr[B(t),B]) sinfii, (1.2) 



where B(t) = G lH -rcst/hj^ e -iH rl!S t/h re f ers to f ree time evo- 
lution of the bath; note that the dissipation time involves 
the response function (j-[B(t), B]) and the decoherence 
time the equilibrium correlation function (^{B(t), B}), 
with {•,•} and [■, •] denoting anticommutator and com- 
mutator, respectively, and (. . .) thermal equilibrium av- 
erage. Interestingly, the golden-rule decoherence time 
obeys the power law (LI) while the dissipation time is 
independent of Planck's constant and of the distance d. 

Our principal goal in the present paper is to contrast 
the golden-rule limit T sys < Td cc < Tdi ss with the opposite 
case in which decoherence is the fastest process by far, 



Tdec < 



(1.3) 



irrespective of the relative size of r sys and Tdiss- That 
interaction dominated limit prevails for sufficiently far 
apart wave packets and, in particular, for the decoher- 
ence of truly macroscopic superpositions; it may there- 
fore be seen as relevant for the emergence of classical be- 
havior in the macroworld and for the difficulties in exper- 
imentally pushing quantum coherent dynamics into the 
macroscopic domain. Moreover, the limit (1.3) must as- 



sign much more universal properties to decoherence since 
it allows no or "very little" free motion during times of 
the order Td oc - W e sh all, in fact, see that our interaction 
dominated limit (1.3) yields decoherence times indepen- 
dent of the force F(Q) that may act on the isolated body. 
The decoherence time s to be met with will involve differ- 
ent exponents (i, v in ([O]) than the golden-rule one, 
of(|L|). 

For a maj or p art of the paper we not only base our 
analysis on (|l.3|), but furthermore assume 



7"dec 7"n 



(1.4) 



i.e. decoherence is fast even on environmental time 
scales. In that case, simple expressions of universal char- 
acter, independent of the details of environmental dy- 
namics, are obtained. 



As soon as we drop fll.4| ) yet retain (1.3), we find more 
complicated decoherence dynamics, the temporal decay 



now being governed by the details of the time evolution 
of environmental correlations. 

It would be highly desirable to experimentally observe 
the crossover from the golden-rule limit to our interac- 
tion dominated limit (11.31), and further to the extreme 



limit where both (1.3) and (1.4) are satisfied. As already 
mentioned above, the experiments done thus far pertain 
to the golden-rule limit where the separation exponent v 
takes on the value 2. We shall present some discussion of 
the crossover condition in the accompanying paper Q . A 
quantitative treatment of that crossover itself will have 
(i) to be non-perturbative (like ours and in contrast to 
the golden rule) and (ii) have to avoid even the short- 
time approximation w.r.t. free motion whose simplicity 
we will take profit of in the present paper. In the accom- 
panying paper || we treat the crossover in question for 
an exactly solvable model where both the system and the 
bath consist of harmonic oscillators. 

The above remark about interaction dominated deco- 
herence showing greater universality than its golden-rule 
coun terp art deserves some qualification. If both (1.3) 
and (1.4) are satisfied, of the three parts of the Hamilto- 
nian of the composite system, H = H sys + H TCS + i?i nt , 
the generators of free motion, -ff S ys and H rcs , play but 
a minor role in comparison to the interaction part -Hint- 
As a consequence, it is not of much importance whether 
the "body" under study is an oscillator, a large angu- 
lar momentum or some other few-freedoms system. All 
we require is the possibility of superposing wave packets 
with large separations d, large in relation to microscopic 
quantum scales. Similarly, it does not matter whether the 
reservoir is composed of harmonic oscillators (like modes 
of electromagnetic or elastic waves), atoms or other enti- 
ties; what counts is that the reservoir has many degrees 
of freedom effective in H- m t, i-e. for H mt = QB in its 
coupling agent B; we shall assume B = Yli=i &i with N, 
the number of reservoir freedoms, large. 

It is appropriate to admit that in one other respect our 
interaction dominated limit is no more but rather even 
a bit less universal than the golden-rule one. Obviously, 
the system coupling agent Q in H lni — QB is distin- 
guished over other system observables not showing up in 
the interaction. As we shall see the coupling agent Q is 
most effective in decohering superpositions of wave pack- 



ets with large separations 



(yilQivi) - (^2 |Q| ^2) 



and 

considerably less effective if the distinction of the pack- 
ets is one w.r.t. some other observable P not commuting 
with the coupling agent Q. In fact, packets far apart in 
Q will turn out to decohere with a Gaussian decay of 
suitable indicators, like exp{— (t / t® cc ) 2 } , and that decay 
is captured already in zeroth order in H sys + H TOS ; in that 
zeroth order, however, wave packets distinguished by P 
but not by Q would appear as retaining their relative co- 
herence. Such latter packets are in fact also decohered 
by Hi nt — QB, but in general in a non-Gaussian manner, 
like exp{— (t/rdec)™} with n > 2 and a decoherence time 
Td C c which differs from t? in the exponents \x, v but still 
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is of quantum character due to \x > 0; to capture that lat- 
ter decoherence, a "little bit" of free motion must be ac- 
counted for in a systematic manner, as will be explained 



in Sect. Ill below. On the other hand, decoherence fully 
symmetric in Q and P would result from an interaction 
involving both of these observables as coupling agents 
towards different reservoirs, H lnt = QB>\ + P£? 2 , as de- 
scribed in Section V and previously pointed out in a first 
report on this project ||. 

The decay in terms of exponentials of powers t n just 
mentioned arises when decoherence outruns both dissipa- 
tion and t he d ecay of bath correlations, i.e., when both 
(1.3) and (|l.4| ) are satisfied. When only dissipation is 
cut short but bath correlation decay remains effective, 
such that ( |l.3| ) is respected but not (L4), the qualitative 
picture of the above discussion does not change, yet the 
precise temporal course of decoherence involves the full 
time dependence of the bath correlation function and can 
no longer be written as an exponential of a power of time 
||; Section VI of the present paper is devoted to that 
case. 

In Section VII we treat decoherence of superpositions 
of angular-momentum coherent states, with one compo- 
nent, J x , of an angular momentum J acting as coupling 
agent. In analogy to our findings for superpositions of 
states distinguished by P and Q, we shall be led to most 
rapid decoherence for pairs of states with differing mean 
values of the coupling agent and slowest decoherence for 
pairs of states with coinciding mean values for all system 
observables coupled to the coupling agent by the evolu- 
tion generated by H sys ; "rapid" and "slow" will ag ain b e 
quantified by the exponents fx, v in the power law (1.1). 

Before going in medias res, some words about related 
literature are in order. As already mentioned, the inter- 
action dominated short-time limit of decoherence has re- 
ceived little attention, in spite of its obvious relevance for 
the transition from quantum to classical behavior. The 
only exceptions we are aware of are Joos and Zeh's short 
time expansion of an entanglement measure based on a 
Schmidt decomposition | fto| and various articles that re- 
fer to the exactly solvable model of a harmonic oscillator 
coupled to a reservoir itself consisting of harmonic oscilla- 
tors ]ll], [l2| |l3| . In a discussion of the quantum measure- 
ment process where an entangled state of a microscopic 
quantum system and a macroscopic pointer involves su- 
perpositions of macroscopically distinct pointer states, 
Haake and Zukowski jl4| have employed the oscillator 
model and its exact solution to argue that the superposi- 
tion in question decoheres in the limit Td oc *C r sys . More 
recently, the importance of that limit has also been real- 
ized by Privma n Il5|] . In a series of papers Ford, Lewis 
and O'Connell [|16| argue that two wave packets of widths 
a and separation d in Q-space experience the time scale 
tflo = <y 2 /dv, where v — \JksT jm is a thermal velocity 
with m a typical mass; they point out that the latter time 
may be short compared to the golden-rule prediction for 
the decoherence time. Interestingly, tflo is independent 
of Planck's constant as well as of the strength of any in- 



teraction -Hint. As the appearance of the temperature 
T suggests and close inspection reveals, the underlying 
thermal ensemble embodies no coherence extending over 
the distance d between the wave packets to begin with; 
instead, initial coherences are confined to the thermal de 
Broglie wavelength characterizing the thermal ensemble. 
The relaxation processes taking place on the time scale 
tflo ar e therefore not related to the decoherence of a 
macroscopic superposition to a mixture. 



II. SUPERPOSITIONS OF DISTINCT WAVE 
PACKETS 

We consider a single-freedom system for which the co- 
ordinate Q and momentum P obey the canonical com- 
mutation rule 



[P,Q] = j- 



(2.1) 



The initial states we shall have to deal with are pure 
states of the form of superpositions of two separate wave 
packets, 



|) = cil^i) + c 2 \<p 2 ) 



M 2 = i. 



(2.2) 



We may specify the individual packets in either the po- 
sition or momentum representation and choose, for the 
sake of convenience, the Gaussians 



1 



/ I \ -f^ ( 2 ^) 1/4 - 



JPi(q-qi)/H p -(?-?i) 2 /4er 



(2.3) 



with i=l,2 .Needless to say, fi(q) and (pi{p) are Fourier 
transforms of one another. These packets are located in 
position space at qi with (rms) uncertainty Aq — ^fa and 
in momentum space at Pi with uncertainty Ap = fij1yfa\ 
the uncertainty product AqAp = h/2 is the minimum 
one allowed by the uncertainty principle; were we to 
choose a as a classical quantity independent of Planck's 
constant, we would confront two extremely squeezed 
states with the momentum much more sharply defined 
than the position; we will actually envisage the symmet- 
ric situation a cx Ti where both Aq and Ap are oc 
like for coherent states [0. To ensure good separation 
we stipulate that either Aq <C \qi — q 2 \ or Ap <C \pi — p 2 \ 
or both (see Fig. 1). Actually, inasmuch as we are inter- 
ested in "macroscopic superpositions" we may assume at 
least one of the two distances \qi — q 2 \, \pi —P2 | of classical 
magnitude, i.e. independent of h. 

Our choice of Gaussian packets is a matter of conve- 
nience; it will allow us to evaluate all subsequently en- 
countered integrals analytically. The universal decoher- 
ence laws to be established rest on sufficient separation 
of the two packets, however, rather than on their specific 
form or their minimum-uncertainty property. 
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FIG. 1: Position space density |^>(g)| for a coherent super- 
position of two Gaussian wave packets as envisaged in this 
paper. The distance between the packets is assumed much 
larger than their individual spread. 



Th e initial density operator corresponding to the state 
(2.2) is a sum of four terms, 



Psys(O) = 



\<Pi)(<Pj 



3 (0), (2.4) 



two "diagonal" ones weighted by probabilities \ci\ 2 
and two off-diagonal "interference terms" Pgy S (0) = 

|<Pi)(<P2| = Psy S (®y weighted by the "coherences" c\c\ 
and c*C2. 

Inasmuch as quantum mechanical time evolution is 
represented by linear operators each of the four terms 
in (2.4) has its own temporal successor qc* p^ s (i) ■ To 
show that interaction with an environment tends to de- 
stroy the interference terms before the diagonal terms 
change noticeably we shall employ the norms 



N ij (t) = Tr sya p% a (t)p% s (t) i - 



(2.5) 



Clearly, if the system in question were isolated these 
norms would all remain time independent, 2Vy(t) = 1, 
since the unitary time evolution operators U sys (t) — 
e -iH ays t/h wou i(j canC el under the trace operation. The 
time scale separation we are after arises only due to the 
interaction with an environment, and then only if the 
initial wave packets are sufficiently distinct. 



III. INTERACTION DOMINATED 
DECOHERENCE 



H aya — P 2 /2M + V(Q); for the interaction Hamiltonian, 
however, we do assume a slightly restrictive form involv- 
ing only one of the two system observables, say Q, as a 
coupling agent, 



flint — QB . 



(3.1) 



with B some reservoir coupling agent which should in- 
volve all degrees of freedom of the reservoir in a way to 
be commented on below. 

The simplest initial state to deal with has our single- 
freedom system prepared so as to be statistically indepen- 
dent from the reservoir; the initial joint density operator 
then takes the form of a product, 



p(0) = Psys (0)p res (0) . 



(3.2) 



with p sys representing the superposition of two distinct 
wave packets as described in the preceeding section. The 
initial density operator of the reservoir could but need 
not be the thermal equilibrium state with respect to H TOS ; 
our precise demand on p res (0) will be given presently. 

The reduced system density operator originating from 
any one of the four terms p^ ys (0) can now be written as 

p% s (t) = Tr Ies e- im / h p% s (0)Pres(0)e im / R . (3.3) 

In view of our intention to evaluate the norms N^j (t) de- 
fined in (2.1) it is advantageous to pass to the interaction 
picture and write the time evolution operator as 



-im/h 



U(t) 



flint (*) = W (t)H- mt U (t) = Q(t)B(t) , 

where (. . .)+ demands time ordering of the operator 
product (. . .). The norms in question thus read 



Nij(t) 
P% s (t) 



= Tr ; 
= Tr 



(t)piy S (t) 



(3.5) 



Mt)ptL (0)p res (0)^(«). 



We are interested in the limiting case where decoher- 
ence, i.e. the decay of Ni2(t) is faster than any pro- 
cess arising in the absence of the coupling Hi nt . Our 
results will selfconsistently confirm this limit as relevant 
for large enough separations (w.r.t position, or momen- 
tum, or both) between the wave packets. The short- 
time behavior thus aimed at allows to approximate the 
interaction-picture evolution operator U(t) by expanding 
its logarithm as a power series in the time t. To find that 
expansion we start with the interaction picture Hamilto- 



To allow for dissipative motion of Q and P we intro- 
duce a reservoir with many degrees of freedom and deal 
with a Hamiltonian of the structure H — H sys + H rcs + 
flint- We need not specify the Hamiltonian H les gov- 
erning the free motion of the environment; the Hamil- 
tonian of the isolated single-freedom system is taken 
as the usual sum of a kinetic and a potential term, 



Q(t)B(t) 



(Q + Ar 1 Pt-V'(Q)t 2 /2 + ...) 

x (B + Bt + Bt 2 /2 + ..) , (3.6) 



where B = j-[H rcs ,B],B = j-[H rcs ,B]. Notice that this 
short-time expansion is meaningful only if both condi- 
tions (1.3) and fll.4| ) are satisfied. We shall drop the 
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latter condition in Sect. VI where we keep the full time 
dependence of B{t). 

A simple sequence of unitary transformations, de- 
scribed in the appendix, brings about the desired expan- 
sion as 



U(t) = e~* 



j [ {Q(Bt+Bt 2 /2)+PBt 2 /2M+...} 



(3.7) 



where the dots refer to cubic and higher-order terms in 
t; in particular, the force —V'(Q) enters ln[/(i) only in 
order t 3 . 

We intend to evaluate the trace Tr sys in the Q- 
representation, where Q\q) = q\q) and, with an arbi- 
trary state vector \ip) , (ip\P\q) = \h-j^{ip\q), (q\P\i/j) = 

— ih-Jfij (q\i/j) . We thus have 

(q\p% s (t)W) = D Q (t) (q\p% s (0)W) (3.8) 
with the decoherence factor 

■ l> 



D Q {t) = Tr rcs e 
. e 



\(q-q')(Bt+Bt 2 /2)-(^ + ^ r )Bt 2 /2M 



Pres(O) 
(3.9) 



the large angular brackets in the last member of the fore- 
going equation denote an average w.r.t. the initial state 
of the reservoir. 

At this point we need to specify the previously an- 
nounced structure of the reservoir coupling agent as ad- 
ditively comprising a large number N of degrees of free- 
dom, 



B 



i=l 



(3.10) 



Moreover, we require the reservoir initial state p rcs to 
involve those many degrees of freedom with sufficiently 
weak correlations for the central limit theorem to hold for 
the statistical behavior of B as well as its time deriva- 
tive B. To avoid unnecessarily voluminous expressions 
in the sequel we also stipulate vanishing initial means 
of these observables, (B) = (B) = 0. The exponent 
B = -j-(q - q')(Bt + Bt^ 12) - (£ + £r)Bt 2 /2M in 
the reservoir expectation value in (3.G) is thus assigned 



Gaussian statistic s ac cording to (e ) = ca 



±<£5 2 > 



The de- 



coherence factor (3.9) then takes the form 



D Q (t) 



= c -(q-q') 2 {(Bt+Bt 2 /2) 2 )/2h 2 

x e i(q-q')(% + -£r)((Bt+Bt 2 /2)Bt 2 )/2Mh 

x e Ka " \ i i ■ (3.11) 



it may be worth noting that we could write three sepa- 
rate exponentials since the relative displacement and the 
center-of-mass momentum commute, [q— q', -§^ + ^r] = 0. 
We shall save a lot of space and gain better transparency 
by retaining, in each of the three exponentials in Dq (t) , 
only the respective leading-order terms in the time t; it 



will become clear further below that nothing of relevance 
for the final result is thus lost. A similar calculation in 
the P-basis yields 



(p\p% s (t)\p') = D P (t)(p\p% s (0)\p') 



(3.12) 



D P (t) 



xe i(p-p')(^ + 7jf7)(B 2 }t 3 /2A/7l 
x e -(p-p') 2 {B 2 )t l /8M 2 h 2 . 



note that now we have retained only the 0(t 2 ) term in 
the first exponential and the 0(t 3 ) term in the second 
exponential. 

The asym metry betw een Q and P in the matrix ele- 
ments ( 3.11 ) and ( 3.12 ) arises from the distinction of the 
coordin ate Q as the system coupling agent in the inter- 
action ( |3.l| ). By their asymmetric appearance these ma- 
trix elements already suggest different temporal courses 
of decoherence for superpositions of wave packets macro- 
scopically distinguished in Q and in P; that difference 
will become yet easier to discern once we have evaluated 
the norms (|3.5|). Upon there inserting the matrix ele- 



ment ( 3.11 ), integrating by parts, and changing integra- 
tion variables to relative and center-of mass coordinate 
as k = q - q',q = \{q + q'), and ■§= = ^ + = d we 
get 



Ni 



dqdk<p*(q + k/2)ip J (q 



k/2)D 2 Q (t) 



xcpi(q + k/2)<p*Jq-k/2) 



(3.13) 



D 2 Q {t) = e - k2 (B 2 ) t2 l h2 c ikd(B 2 )t 3 /Mh e d 2 (B 2 )t 4 -/4M 2 

The second and third exponentials in the foregoing quan- 
tity Dq(t) are integral operators acting on the sub- 
sequent functions of the center-of-mass variable q as, 
respectively, e Aa f(q) = f(q + A) and e rd ~ f(q) = 
Jdx(47rr)- 1 / 2 e(«- :E ) 2 / 4T /(x), i.e., like shift and diffusion. 
Of course, apart from the change of variables just indi- 
cated Dq (t) is nothing but the square of Dq (t) given in 
( |3.1l| ). After inserting the initial states (|2.3|) and doing 
the three Gaussian integrals over q, k, x we finally obtain 
the "coherence norm" A 12 (i) in its dependence on the 
time t and the separations q% — 52 and pi — pi of the two 
wave packets in Q-space and P-space, 

N l2 {t) = {1 + Aa{B 2 )t 2 /h 2 + 0(t 4 )y 1/2 

xexp{-( qi -q 2 ) 2 (B 2 )t 2 /h 2 } (3.14) 

x exp {-( qi - q 2 )(p 1 -p 2 )(B 2 )t 3 /Mh 2 } 

xe^{-{p 1 -p 2 f{B 2 )e/AM 2 n 2 } 

= V(t)£Q(t)£® p (t)£ p (t); 

for typographical reasons we have not indicated the cor- 
rections oc t n+1 to the leading-order terms t™ in the three 
exponentials; they are independent of the separations 
qi — 92 and p\ — p 2 ', neither do these separations enter 
the order-t 4 correction in the prefactor V(t). 

We have thus established one of the central results of 
the present paper and proceed to a critical appreciation. 
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IV. DISCUSSION OF INTERACTION 
DOMINATED DECOHERENCE 

A. Decoherence Time Scales 

If the two wave packets in our superposition differ both 
in their center positions and momenta, the three expo- 
nentials in the coherence norm Ni 2 (t) have the decay 
times 



'dec 



T QP 
'dec 



dec 



h 



\ qi -q 2 \VW) 



Mh z 



l(gi-g 2 )(Pi-p 2 )l(i? 2 > 

AM 2 h 2 



(4.1) 



All three of these decoherence times are quantum in 
character and tend to vanish in the formal classical limit 
U — ¥ 0. They may be considered ordered in their mag- 
nitudes by the respective powers of Planck's constant 

H r d Q ec « h ^dcc « ^VcL « ^ 1/2 - The "distances" 
\q± — ^2 1 and |pi — j»2 1 between the two wave packets ap- 
pear as referred to quantum scales and in those units 
tend to take on huge values if mesoscopic or even macro- 
scopic. At any rate, it is the smallness of the decoherence 
times for which macroscopic superpositions would have 
little chance to be detectable even if preparable. 

Which of the three exponentials wins out in govern- 
ing the decoherence of macroscopically distinct packets 
depends on the distances |gi — ^2 1 and \p\ — pi\] obvi- 
ously, different cases arise, and these will be dealt with 
individually below. 

It may be worth noting that the powers of Planck's 
constant as well as those of the distances differ from the 



ones more familiar from the Golden-Rule result (1.2) 



B. Universality and Limits of Validity 

Inasmuch as our result for the decay of coherence be- 
tween the superposed wave packets is based on a short- 
time expansion of the (logarithm of) the time evolution 
operator U(t), (cf (3.4), (3.7)), we have to emphasize its 
limit of validity. To appreciate that limit we must realize 
that it is the free motion of the single-freedom system 
and the reservoir which were treated as nearly ineffective 
during the decoherence, while the interaction H lrA was 
kept in full; in partic ular, the first exponential, in 
the coherence norm (3.14) can immediately be checked 
to arise from entirely neglecting H sys + H Tes in ( |3.4| ) and 
thus taking U(t) = e ~' lH ^tt/h _ e -iQBt/n_ shouldering 
the burden of the 0(t 2 ) terms in (3.7), which bring in 
Q = U H syB,Q] = P/M, B = jr[H les ,B] is necessary 
only in the case q\ = q 2 \ note again that the potential 
energy V(Q) is barred from entering at all, to the order in 



t accepted. It follows that our result ( |3.14 ) for the coher- 
ence norm is valid only in the limit when the decoherence 
times (4.1) are much smaller than any of the time scales 
characteristic of the free motions of the single-freedom 
system as well as the reservoir, 



7"dec Ts"* 



(4.2) 



Just for the sake of illustration, if the single-freedom sys- 
tem were an oscillator the relevant system time scale 
would be the basic period of oscillation, while for the 
reservoir the shortest time scale is either the inverse of 
the highest frequency provided by the environmental de- 
grees of freedom or the thermal time Ti/kT. In Sect. VI 
we discuss the more general regime where no assumption 
is made about the relative size of Td oc and r res . 

The selfconsistency condition ( |4.2| ) is fulfilled for suf- 
ficiently large distances between the superposed wave 
packets; it is hard, probably impossible, to violate for 
truly macroscopic superpositions and that fact may be 
seen as the reason for the absence of quantum interfer- 
ences from the macroworld. We hasten to add that the 
condition is not fulfilled for the present-day experiments 
on decoherence which all still operate in the situation 
Ties T sys <C Tdec where the golden rule applies. In 
order to distinguish the decoherence phenomena taking 
place in our short-time limit from the golden-rule type 
decoherence processes thus far observed we speak of "in- 
teraction dominated decoherence" in the limit (4.2). 

Within its range of applicability, our short-time result 
has a certain universal character. Inasmuch as the free- 
motion Hamiltonian H sys + H TCS is not operative through 
the full cycle of any free oscillation in either the single- 
freedom system or the reservoir, the character of such 
oscillations remains irrelevant for decoherence as a short- 
time phenomenon. It does not matter whether the single- 
freedom system is a harmonic or anharmonic oscillator 
since, as already stressed before, the force —V'(Q) gets 
no chance to act; likewise, whether the bath consists of 
oscillators (like lattice vibrations or the electromagnetic 
field), two- level atoms, or other elementary units is im- 
material. 

The insensitivity of interaction-dominated decoher- 
ence to the character of the oscillations generated by 
H sys + H Tes also implies ignorance of whether the reser- 
voir will, at larger times, impose underdamped or over- 
damped motion to the single-freedom system. 



C. Wave Packets Distinguished by the Coupling 
Agent Q 

If the center positions qi , q 2 of the superposed wave 
packets are classically distinct the decay of the interfer- 
ence term ply S (t) is governed by the first of the three ex- 
ponentials, £®(t) — exp{ — (£/ T dcc) 2 }' in the norm A^i2 (t) . 
We then encounter a Gaussian fall-off on the time scale 
t9 . The second and third exponentials are trivially inef- 
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fective forpi = p 2 ; but even for \pi— P2I 7^ and indepen- 
dent of h they may be considered as practically constant 

■ • ■ ... QP 2/3 P 1/2 

in time since their life times t^ cc oc a 1 , t^ cc oc fi 1 
are much larger than t® cc oc fi. Equally ineffective are 
the corrections of third and higher order in t within 
that first exponential, in our limit of large distances 
1 3i — 12 1- This is because the whole exponent in £®(t) 
depends on the distance only through the common factor 
{qi — <Z2) 2 ; the leading i 2 -term thus defines a scaling vari- 
able r = t\qi — q 2 \ such that higher-order corrections in- 
volved" — T n /\qi~q 2 \ n ^ 2 . For sufficiently large distances 
I qi — 92 1 the higher-order corrections would come into ef- 
fect only for times t at which the leading Gaussian has 
already suppressed the coherence norm to rather uninter- 
estingly small values. For the same reason the prefactor 
'P(i), which arises from the Gaussian integrals, cannot 
noticeably deviate from its initial value unity during the 
life time of the leading exponential. 



D. Wave Packets Distinguished by the Conjugate 
Momentum P 



An interesting situation arises when q\ = q 2 and \p± — 
p 2 \ is of classical magnitude, i.e. independent of Planck's 
constant, since then the first and second exponentials in 
the coherence norm remain equal to unity at all times. 
Our interaction dominated decoherence is thus described 



by the third exponential, N 12 (t) = £ p (t) = e~ {t/T ^- 
Due to the different power of Planck's constant in r ( 



dec ' 



i.e. Tdoc/ r dec och ' , we may say that under the influence 
of the position Q as a coupling agent, momentum-space 
superpositions decohere more slowly than position-space 
superpositions, ft has in fact been known for quite some 
time that an interaction H mt = QB decoheres superpo- 
sitions of wave packets most rapidly if these packets are 
distinct in the eigenrepresentation of Q; Zurek |2| speaks 
of the "distinction of the pointer basis" ; we here see that 
distinction carrying over to our short-time limit of de- 
coherence which has previously received little attention, 
in spite of its relevance for the emergence of classical 
behavior in the macroworld. Part of the importance of 



our result (3.14) lies in bringing to light the rapid decay 
of superpositions of packets not at all distinguished by 
the coupling agent Q. As already mentioned before, the 
capability of Hi nt = QB to decohere momentum-space 
superpositions would be overlooked if the action of the 
free-motion Hamiltonian H sys + H rcs were dropped en- 



tirely, with overzealous appeal to the limit (4.2) of inter- 
action predominance. Clearly, our short-time expansion 
of the (logarithm of the) interaction-picture propagator 
U(t) accounts, in the next-to-leading order in the time t, 
for just that much free motion as necessary to let a pure- 
momentum superposition acquire a bit of a Q component 
and thus to become visible and fall prey to iJ; n t = QB. 



E. Transition Between Position Space and 
Momentum Space Superpositions 

The borderline between position-space and 
momentum-space distinction is worth a moment of 
special attention. When both \qi — q 2 \ and \p\ — p 2 \ are 
nonzero and of classical magnitude (independent of h), 
the first exponential, £®(t), with its Gaussian decay 
dominates the decoherence process, as already empha- 
sized above. Now imagine the momentum distinction 
fixed and the distance \qi — q 2 \ decreased; eventually, 
the life time T® ec of the first exponential will have grown 
to the magnitude of its competitors , t^ c , and 
then the dominance of the first exponential is lost. 
The emancipation of the competing exponentials takes 
place when, respectively, t^ bc /t^ = O(h ) « 1 and 

r dec/ r dec = O(h ) ~ 1; inserting the various decoherence 
times according to ( |4.l| ) we see that both transitions 
concur at 

\qi-q2\ 2 /\Pi~P2\ =0(K), (4.3) 

i.e. for classical magnitude of the momentum distinction 
at \qi — q 2 \ oc \fh. Interestingly, then, the transition in 
question requires keeping all three exponentials in the 
coherence norm ( |Q4l ) for a proper description. Actu- 
ally, to obtain good quantitative reliability it would be 
advisable to include the order-t 2 term in the prefactor 

V{t) as well, V(t) = (l + Aa(B 2 )t 2 /h 2 + 0(i 4 )) ~ 1/2 « 
exp{— 2a(B 2 )t 2 /h 2 }, since the position-space width of 
each of the superposed wave packets was assumed as 
\fa oc VK, i.e. as of the same order in fi as the tran- 
sitional distance |<7i — q 2 \- 



V. SEVERAL RESERVOIRS AND COUPLING 
AGENTS 

A single-freedom system may be coupled to two many- 
freedom reservoirs with both the position Q and the mo- 
mentum P serving as system coupling agents, according 
to the interaction Hamiltonian |)| 

H mt = QBq + PB P . (5.1) 



The two separate reservoirs enter with the respective cou- 
pling agents Bq, Bp; for these we assume the structure 
( Pol ), i-c- B Q = Y, l B Ql ,B P = EiBpi, and van- 
ishing means w.r.t. the initial state of the reservoirs. 
The "Q-reservoir" and the "P-reservoir" are independent 
and have their own free-motion Hamiltonians such that 
H rcs = Hq + Hp. 

To describ e the decoher ence of an initial superposition 
like (2.2,2.3) in the limit (4.2) we may again employ the 
short-time expansion of the (logarit hm of th e) interaction 
picture propagator. In analogy to ( |3~4 3.7) we have 

3 -i f*dt'H int (t')/h} = -\{{QB Q +PB P )t+O{t 2 )}/h 



U{t) 



(5.2) 
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Note that we need not go to higher than first order in t 
since the presence of both reservoirs entails the appear- 
ance of both the position and the momentum in first or- 
der; no bit of free motion must be invoked here to assist 
any underprivileged distinction of the superposed wave 
packets. The central limit theorem then yields Gaussian 
decay of the coherence norm, 



N 12 (t) = eM~(t/r^J 2 }eM-(t/rL) 2 }, 
-dt - h/\ qi - q2 Lf(B§, 



(5.3) 



n/\pi 



P2 



The remarks about limits of validity and universality of 
the foregoing section apply again, except for the simpli- 
fication that the presence of both reservoirs makes for 
symmetry between the pair of observables. In particular, 
higher-order corrections in t are irrelevant if at least one 
of the two "distances" \q\ — q%\, \p\ — is of classical 
magnitude. 



VI. COMPETITION OF DECOHERENCE AND 
BATH CORRELATION DECAY 

Thus far we have assumed that decoherence is by far 
the fastest process, shorter even in duration than envi - 
ronm enta l time scales such that the two conditions ( |l.3| ) 
and could be exploited. Of greater experimental 

relevance, however, is the case in which (1.3) is satisfied, 
while the bath correlation time scale r res may be com- 
parable with or even shorter than the decoherence time. 
To that important case we shall now generalize our above 
discussions. 



The analysis of Sect. |I| goes through unchanged up to 
the short-time expansion ( |3.6| ), except that this very ex- 
pansion must now be confined to the free time evolution 
of the system coupling agent, Q(t) = Q + M~ 1 Pt + . . ., 
while the time dependence of the bath coupling agent 
B(t) generated by the free bath Hamiltonian H lcs must 
be kept in full, 



Hint(t) = Q(t)B(t) = (Q + ...)B(t) 



(6.1) 



Actually, we shall simplify even further by confining our- 
selves to the lowest-order term of the expansion of the 
system coupling agent, Q{t) ~ Q, thus confining our- 
selves to treating the decoherence of wave packets with 
different locations i n Q -space. 

The propagator (|3.7|) is now replaced by 



U(t) = (c 



(6.2) 



Proceeding in t he v ery same fashion as in Sect [II we find 
the variant of (3.9), 



(q\p% s (t)W) = D Q (t) (q\p% s (0)W) (6-3) 

D Q (t) = ILW!1^^\ ( e -H<J>*wr 



Again, the large angular brackets denote an average w.r.t. 
the initial state of the reservoir, and (. . .)_ refers to anti- 
time ordering, opposite in sense to (...) + . 

As in Section III we now take advantage of the multi- 



component structure of the bath coupling agent B which 
allows to regard B(t) as (an operator process) of Gaus- 
sian statistics. The reservoir average in (6.3) may then 
be evaluated analytically (most straightforwardly by ex- 
panding all exponentials), 

((e^'/o ,is5(s> )_(e^ ? /o' ls5(s) ) + )= (6.4) 

e -^(l-l') f*ds f° ds< (q{B(s)B(s'))-q'(B(s')B( S ))) 



For the superposition of wave packets with different posi- 
tions studied here, this result is a generalization of (3.11), 
valid also for times long compared to envir onm ental cor- 
relation times. A short time expansio n o f (|6.4|) recovers 
( |3. 11 ) . We had previously j|] derived ( |6.4[ ) for the special 
case of a reservoir of harmonic oscillators; here, we can 
rejoice in the validity for general baths with effectively 
Gaussian coupling agents B. 

All that remains to be done is to determine the co- 
herence norm N\2(t) as in Sect 



III. That task, now 



simplified inasmuch as the momentum P is barred, yields 

N 12 (t) = exp (- (gl ~/ 2)2 fds fds' ({B(s),B(s')})^ 

(6-5) 

with no restriction on the validity beyond Td cc *C T sys . 
Clearly, the foregoing result ge nera lizes the first factor 
£®(t) in the coherence norm ( |3.14 ) so as to allow for 
competition of decoherence and bath correlation decay. 

While we still observe the quadratic dependence of 
the exponential suppression of coherence on the dis- 
tance | q — q'\, the precise time evolution of decoherence 
is governed by the symmetric part of the bath correla- 
tion function. No system time scale is in volv ed here, 
in contrast to the analogous expression (|1.2|) for ex- 
ponential Golden-Rule decay. In fact, fl6.5|) describes 
non-exponential decay for t — * oo, unless the Fourier 
transform of ({B(t), B(Q)}) (the spectral density), dif- 
fers from zero at zero frequency. This is seen by writing 
/* dsj; d S >({B(s), B(s')}) = ^ ds(t - s){{B(s),B(0)}}, 
taking advantage of the stationarity of the Gaussian pro- 
cess. As t — > oo, no rate of decay can be defined, unless 
J °° ds({B(s), B(0)}) remains finite. Examples of such 
decay will be presented for the exactly solvable harmonic 
oscillator model in the accompanying paper [pi. 



VII. ANGULAR-MOMENTUM DECOHERENCE 

To emphasize the universality of interaction dominated 
decoherence Td GC *C T sys , r rcs we here consider an angular 
momentum vector J whose three components obey the 
commutation relations [Jx,Jy\ = tfiJz etc, coupled to a 
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reservoir. As the Hamiltonian we take 



B^ys QJ Z 



H\„t — Jrr.B . 



(7.1) 



The squared angular momentum is thus conserved, J 2 — 
3 (J + 1)j with the quantum number j capable of taking 
on integer or half integer values; large values of j enable 
the angular momentum to near classical behavior. 

Suitable wave packets are provided by coherent states 
Jl9| which specify a direction for (the expectation value 
of) J in terms of two angles, 9 and cf>, with the mini- 
mal uncertainty allowed by the commutation relations. 
We shall denote those states by \j, 9, <j>) = \a), the latter 
shorthand dropping the quantum number j and intro- 
ducing the complex amplitude a = e 1 * tan(6*/2). The 
whole complex plane is visited by a as the "polar" an- 
gle ranges in < 9 < ir and the "azimuthal" angle in 
< 4> < 2tt. (We may speak of the mapping of the sur- 
face of the unit sphere onto the complex plane; the sphere 
lim^oo J 2 /(hj) 2 — 1 is the classical phase space.) The 
coherent-state mean of J reads 



(alJJa) 



(a\J y \a) 



(a\J z \a) 



hj 

r>,j 



a + a 
1 + aa* 
i(a* — a) 

1 + aa* 



hj cos (j) sin 9 , 
= hj sin <fi sin 9 (7.2) 



1 - aa* 

= hj = hj cos 9 . 

1 + aa* 



The coherent state \a) can be expressed in terms of 
eigenstates \ j, m) of J 2 and J z (eigenvalues j(j + 1) and 
m, respectively) as 



\a) = (l + aa*)" 1 e aJ -/ h 
= (l + aa*)~ 
= (1 + aa*)~° \\a) , 




(7.3) 



where J_ — J x — iJ y . It will in fact be convenient to 
work with the non- normalized Dirac ket \\a) which is 
holomorphic in a and the corresponding antiholomorphic 
bra (a\\. The coherent state \a) itself is normalized as 
(a\a) = 1. 

We now turn to a superposition of two coherent states, 
|) = c a \a) +cp\(3), which in the limit j ^> 1 is a macro- 
scopic superposition, and inquire about the temporal fate 
of the coherence norm N a p{t) = Tr sys p"^ s (t)p^" s (t) with 

= ((l + aa*)(l + /?/?*)) ~ J 

x Tr ies e- im / n \\a)(0\\p ies (O)e im / n (7.4) 

the temporal successor of p a p{0) = \ce){/3\. Like in 
Sect. Ill we go to the interaction picture where 



Hint = B(t) (J x cos Sit — J y sin ilt) 

— J X B ~\- [J X B ^IJyBjt 

+ (-fl 2 J x B - 2QJ y B + J x B)t 2 /2 



(7.5) 



gives rise to the propagator 

U(t) = exp{-j-(BJ x t-{BJ x - Bn.J y )t 2 /2 (7.6) 

+ (-Q 2 J X B - 2nj y B + J X B 

+ ^[B,B] + ±0/ z 5 2 ) i 3 /6 + ...} ; 

see the appendix for the derivation of the foregoing short- 
time expansion. Note that we have here included the 
third-order term of the expansion, for a reason that will 
become clear presently. When the propagator U(t) acts 
on the holomorphic \ \a) we may use the identities 

J B ||a) = \{2 3 a-{a 2 -l)^j\\a)^X a \\a) 

J y \\a) = ^2ja-(a 2 + l)-^j\\a)^Y a \\ap.7) 

J z \\a) = h (j - a-^j \\a) = Z a \\a) 

and their adjoints (/3||</e = X | a»(a|| etc. such that 
U{t)\\a) = U{t;a)\\a) with UU;a) differing from U(t) 
only by the replacements d7.7|); similarly, (f3\\U^(t) = 
W(t, f3*)((3\\ with W(t,(3*) obtained from W(t) by J x -> 
Xp* etc.. We thus get 



p%i(t)((l + aa*){l + W*) 



= Tr re8 C/(t)||a)(/3||p res (0)C/t( f ) 

- Tr rcs (i, (3*)U(t,a\\a)(P\\ p les (0) (7.8) 

= (UHt,nU(t,a))\\a)(P\\. 

To within a further correction of order i 4 we can merge 
the two exponentials in the last member of the foregoing 
equation by simply adding the exponents. We proceed 
to the coherence norm 

N a p(t) = ((l + aa*)(l + Pl3*)y 23 

x ^exp f-i |(X a - Xp,){Bt + Bt 2 /2 + (B - Q 2 B)t 3 /6) 

-(Y a -Yp.)(Bt 2 /2 + Bt 3 /3) 

+ {Z a -Z p ,)B 2 t 3 /12 (7.9) 

+ (X 2 -X 2 ,)j-[B,B]t 3 /12})) 
x / exp ( — i| same with a — ► /3, (3* — > a* ^ 
x((l + aa*)(l + /3/3*)) 2j , 

where we have encountered Tr sys ||a)( ( 9||/3)(a|| = ^(1 + 
\ 23 

aa*)(l + /?/?*) ) ; it is on this latter function of 

a, a*,f3, (3* that the various diff erential operators like 
8/ da in the exponentials in ( |7.9| ) act. To leading order 
in j these differentiations act as d/da — > 2ja* / (1 + aa*) 
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etc., whereupon the differential operators X a , Y a , Z a be- 
come replaced by real c-numbers, in fact the coherent- 



state expectation values of J x ,J y , Jz given in (7.2), X, 



(a\J x \a)/h, Xp* — ► ((3\J x \f3)/h etc.. The two reservoir 
means (exp(. . .)) in the foregoing expression for the co- 
herence norm thus become mutual complex conjugates 
and are controlled by the three "distances" 



di = (a\Ji\a) 



\Ji\ 



(7.10) 



and even by the differences of the mean values of J 2 wrt 
to the coherent states \a), |/3). Confining ourselves to the 
leading order in j we have 



N a p(t) 



expf- j-{d x (Bt + Bt 2 /2 + (B- fl 2 B)t 3 /6) 
-d y (^Bt 2 /2 + Bt 3 /3) 



+d z B 2 t 6 /\2 



(7.H) 



+ ((<*\J*\ 



\J x \P) 2 )j-[B,B]t 3 /12}) 



and this can now be seen to imply a greater wealth of 
decoherence courses than previously encountered for a 
canonical pair of observables. 



The system coupling agent, J x in the interaction (7.1), 
again plays a distinguished role; it is most efficient in 
decohering a superposition c a \a) + cp\(3) if it has macro- 
scopically distinct means in the two superposed coherent 
states, macroscopic now meaning j » 1. In that situ- 
ation only the single term linear in the time t need to 
be kept in the exponent of the coherence norm (7.11). 
The Gaussian average for the bath coupling agent B then 



yields N a p(t) = 
coherence time 



\d~Bt 



/ft) |2 = e -(*/r* oc ) with the de _ 



dec 



= d x ^{B 2 )/h 



(7.12) 



(B 2 )j 2 (cos0 o 



sin Or- 



in analogy with of 4.1 



The competing terms in the coherence norm can be- 
come effective only when the distance d x vanishes (or is 
of subclassical magnitude) . This happens in four distinct 
cases, three of which come with cos</> a = cos<^, sin6> Q = 
sin Op: (i) (3 = 1/a* {cj) a = <f>p, 9 a = ir - Op} 

such that the two points in the spherical phase space 
distinguished by a and (3 are reflections of one another 
in the equatorial plane 9 — 7r/2; (ii) (3 — a* ■<=>• 
{4> a — 2ir — (ftp, 9 a — 9p} whereupon the two points are 
mutually opposite on the circular section of the spher- 
ical phase space with the plane 9 = 9 a = 9p; (iii) 
f3 = 1/a {<f> a = 2tt — <j)p. 9 a = 7r — 9p} and then 
the two points are mutual antipodes. A fourth case, 
(iv), arises from cos^> a = sin Op, cos (ftp — sin0 Q . At 
any rate, if d x = but d y is of classical magnitude we 
may drop all terms of order t 3 in the coherence norm 
and get N a p{t) = \ ( e - id » B ^ 2 /2ft) |2 = e -(t/^ c ) 4 with a 



decoherence time much larger than 



dec ' 



(d 2 y ^(B 2 )/^' 1 



(7.13) 



j 2 Q 2 (B 2 ) (sin0 Q sin9 a — sin^ sin9p)' 



in analogy with tF of 4.1. Such "protection of coherence 



by symmetry" has been discussed previously in Ref. [|20| , 
in the context of golden-rule type decoherence 

Specific to the angular-momentum algebra is the pos- 
sibility that both d x and d y vanish but d z ^ 0; this ac- 
tually happens in case (i) above as well as in the subcase 
cos(0 Q ± 9 a ) = of case (iv). We then get the coherence 
norm, after doing a slightly different Gaussian integral, as 
N a p(t) = |( e {-W^ 2 * 3 /i2ft})|2 = (l + tt/rU 6 ) - *; the 
pertinent time scale is 

r d 2 oc = (d 2 z n 2 (B 2 ) 2 /36h 2 y* (7.14) 
= Uj 2 n 2 (B 2 ) 2 (cos9 a -cos9p) 2 



We refrain from a detailed discussion of the various 
transitional regimes that may arise when d x and d y are 
not strictly zero but of subclassical magnitude, a discus- 
sion that would proceed much in analogy to the one in 
Sect. IV. 

We would like to emphasize that the decoherence times 



'dec au obey the power law (1.1), with l/j as a dimcn- 
sionless representative of Planck's constant; the expo- 
nents tend to order the decoherence times in magnitude 



« Tdec « r. 



deci that ordering expresses decreas- 
ing power of the coupling agent J x in decohering the re- 
spective superpositions. As usual, the coupling agent is 
most effective with respect to superpositions of states it 
"sees" as distinct in terms of its respective mean val- 
ues; next come superpositions of states distinct by the 
mean values of J y since the free motion generated by 
H sys = QJ Z rotates J x into J y ; finally, superpositions 
of states distinguished only by J z undergo slowest deco- 
herence since J z enters the short-time expansion of the 
propagator (exp{— i J dt'Hi nt (t')/h}) + only in the third- 
order term t 3 , due to the commutator [J x , J y ] — ihJ z . 

The partial immunity to decoherence of superpositions 
of angular-momentum coherent states expressed in the 
ordering just discussed may be broken by reducing the 
symmetry of the dynamics. One way of achieving that 
is to generalize the free motion as H sys = fl z J z + £l y J y ; 
another is to allow for more reservoirs P], e.g. according 
tO Hint = J x B x + J Z B Z . 

Clearly, a larger set of observables like the generators 
of, say, SU(n) with n = 3, 4, . . . would give rise to a yet 
richer decoherence scenario if -ff sys and H int both linearly 
involved different such generators. 
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VIII. CONCLUSIONS AND PERSPECTIVES 

Quantum superpositions are fragile objects with re- 
spect to almost all environmental influences. In quan- 
tum mechanics, "openness" of a system is a more in- 
volved concept than in classical mechanics. Although 
good isolation from the environment may allow damp- 
ing to hardly be noticeable for quantities with a classical 
limit, coherences in a quantum system may be subjected 
to rapid decay. The underlying time scale separation be- 
tween Tdoc and Tdiss becomes ever more drastic as the 
"distance" between the superposed states grows. The 
decoherence time scale is shortened by a factor involv- 
ing the distance, measured in units of a quantum refer- 
ence "length" and thus enormously big when it comes 
to mesoscopic or even macroscopic scales. For more and 
more macroscopic superpositions, the decoherence time 
scale eventually becomes the smallest time scale involved. 
It follows that standard approaches to open system dy- 
namics, based on Goldcn-Rule-type assumptions fail to 
describe the rapid decay of such superpositions. 

We have shown that a short-time expansion of the log- 
arithm of the interaction propagator is the appropriate 
approach to decoherence in the limit of macroscopic su- 
perpositions. Remarkably, decoherence dynamics in this 
limit is largely independent of the nature of the system 
and the bath. No classical forces will have time to exert 
their influence on the very short decoherence time scale. 

A remark about the use of a factorized initial condition 
is in order: Our results ignore the problem of how to actu- 
ally create macroscopic superpositions. We assume they 
are given and determine the ensuing dynamics. Clearly, 
under laboratory conditions, it will take a certain time to 
prepare such an initial state, time enough for decoherence 
to possibly be effective. Initial system-environment cor- 
relations are thus an important ingredient for the discus- 
sion of the decay of macroscopic superpositions, a prob- 
lem that will be addressed in future work. 

How far the creation of superpositions can be stretched 
to the macroscopic is a question of central importance not 
only for quantum foundations but also for engineering in 
the fields of quantum information. Our results suggest 
that for these fascinating developments environmental ef- 
fects need to be described with new theoretical input. 
Well established methods of open-system dynamics, his- 
torically developed with an eye to near-equilibrium be- 
havior become questionable for the non-equilibrium dy- 
namics of coherent phenomena and may well turn out 
to be too limited to meet the quantum challenges of the 
future. 
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APPENDIX A: SHORT-TIME EXPANSION 



To derive the expansions (3.7,7.6) of the interaction- 
picture propagato r we start with expanding the interac- 
tion Hamiltonian (pjj), 



flint (*) = flo + flit + H 2 t 2 /2 + 0(t 3 ) . 



(Al) 



Separating the time independent term Hq we write the 
propagator 



U(t) 

Ui(t) 
Hi(t) 



Af o dt' Hl {t'),n^ (A2) 
e iH t/h ( Hit + H2t 2/2 + Q(t 3 )) c-' lHot ' h 



Hit + -[H ,Hi]t 2 + H 2 t 2 /2 + 0{t 3 ) . 



Next, we split off the leading term Hit in fli(t), 

Ui(t) = e~ iHlt2 / 2h U 2 (t) 
U 2 (t) = (e-l£<*"rf)/>? 



H 2 {t) = 



U 2 (t) 



- JH 2 t 2 /2h (l2 



(ei[H< h H 1 }+H 2) e/2))e 
(f[flo,fli] + fl 2 )t 2 /2 + 0(i 3 ), 

-i(2i[H a ,H 1 \/h+H 2 )t 3 /6+C>(* 4 ) 



(A3) 



-iJ?it 2 /2R 



When finally merging the three unitary factors 
e~ lH ° t ' fi Ui(t)U 2 (t) into a single exponential we encounter 
a correction of the t 3 term due to 

e -iH t/h e -iH 1 t 2 /2h _ e {-^-{H t+H 1 t 2 -i K {H ,H 1 \t !i + O{t i ))} 

(A4) 

whereupon we get 

U(t) = e { -* {Hot+Hlt2 /2+(2H 2 + i[Ho.H 1 ])t 3 /12+0(i 4 ))} 

(A5) 

The foregoing general i den tity yields fl3.7| ) since the 
interaction Hamiltonian ( |3.6D implies Hq — QB and 
Hi = M~ 1 PB + QB. For the angular momentum case, 
where we needed the third-order term in In U(t) to reveal 
the quantum acceleration of decoherence for the most ob- 
stinate superpositions of coherent states. 
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